Abstract: Specimens of the intertidal snail, Batillaria multiformis were collected from 25 river mouths in the Kunisaki Peninsula and the Nakatsu and Usa districts in southwestern Japan to assess the relationships between their isotopic compositions (δ 13 C and δ N analyses showed minor contributions of terrestrial plants to the diet of snails and their dependence on estuarine and marine producers, mainly on benthic microalgae, for food. These findings suggest that the δ 15 N values of intertidal snails were determined by the consumption of estuarine and/or marine producers, which assimilated nutrients derived from the watersheds.
Introduction
Estuaries are recognized as one of the most productive ecosystems because of their richness in nutrients derived from freshwater and marine sources. Considerable attention has been focused on elucidating the mechanism by which ecosystems maintain their high productivity, and stable isotopic analyses have been successfully used to determine the food sources of consumers and trophic relationships within food webs (Kang et al. 2003) .
The areas of the Kunisaki Peninsula and the nearby Usa region in northeastern Kyushu are characterized by a traditional farming system (Yokoyama et al. 2019) . In order to develop agriculture in this region, which has low rainfalls and steep slopes, residents have constructed reservoirs and terraced paddy fields on steep slopes. In addition, they have been utilizing deciduous fagaceous vegetation dominated by sawtooth oak (Quercus acutissima) as materials for culturing Shiitake mushrooms (Lentinus edodes) and producing charcoal. Owing to their utilization of such a traditional farming system, these areas have been recently certified as the sites of Globally Important Agricultural Heritage Systems (GIAHS) by the Food and Agricultural Organization (FAO). The adjacent coastal areas, Suo-nada and Iyo-nada, of the Seto Inland Sea are known as one of the most productive coastal waters rich in precious fishery resources.
In the course of the surveys conducted to clarify the linkage between watersheds and coastal waters in this area, we selected the batillariid snail, Batillaria multiformis (Lischke, 1869) as a model species. The reason was its predominant occurrence on most of the tidal flats in the study area, despite its decreasing population size in other industrialized places in Japan (Wada 2001 , Furota et al. 2002 , leading us to think that the dense populations were supported by the fertile GIAHS environments. As the first step of the survey, we tried to determine the food sources of B. multiformis by analyzing the isotopic compositions and gut contents of the B. multiformis specimens collected from the intertidal stations along the river-sea transects at the mouths of the Katsura and Iroha rivers, which differed in their topographic, geologic, and land use parameters (Yokoyama et al. 2019 ). This survey revealed no gradients of the stable nitrogen isotope ratio (δ 15 N) of B. multiformis along the river-sea transects, but a significant difference was observed in the δ 15 N values between the two rivers. Stable isotope studies have been used for understanding the nitrogen cycle in watersheds. The mean δ 15 N of nitrate in rainwater is −1.7 (Hoering 1957) , while the bacterial fixation of atmospheric N 2 produces organic materials with the δ 15 N values slightly less than 0 (Kendall et al. 2007) , resulting in close to 0 δ 15 N values of forest trees (Owens 1987). The δ 15 N of dissolved nitrogen and organic matter increases along the course of rivers through biochemical processes, such as ammonium volatilization, nitrification, and denitrification and through artificial inputs from both residential and agricultural areas (Mariotti et al. 1981 , Wada et al. 1987 , McClelland et al. 1997 , Sebilo et al. 2003 . It is also well known that paddy fields can function as nitrogen sinks or transformers (Kyaw et al. 2005 , Takeda & Fukushima 2006 , Onishi et al. 2012 , Zhou et al. 2012 .
The main study area, the Kunisaki Peninsula is formed by a rounded volcano with a peak at the center (Fig. 1) . Much of the Kunisaki Peninsula is covered by volcanic rock, and a number of short and steep rivers occur radially and flow into the coastal areas, Suo-nada and Iyo-nada, of the Seto Inland Sea. In this region, the plain areas are scarce; however, the Nakatsu and Usa districts located to the west of the Kunisaki Peninsula have an alluvial plain created by several rivers, such as the Yamakuni and Yakkan rivers. The presence of such geological features in the study area resulted in variable land use, giving rise to different rates of the paddy field, cultivated land, and forested land.
In the study area, the amount of sewage effluent was not significant as shown by small human populations. Therefore, we hypothesized that the difference in the δ 15 N values of B. multiformis was due to the watershed characteristics, such as the topography and land use. Subsequently, we examined the relationship between the δ 15 N values of B. multiformis collected from the Kunisaki Peninsula and the Nakatsu and Usa districts and watershed characteristics.
Materials and Methods

Sample collection, processing, and analysis
Batillaria multiformis was collected from 25 stations on the tidal flats at the mouths of 25 rivers, which flow in the Nakatsu and Usa districts and in the Kunisaki Peninsula (Fig. 1, Stns 1-25) , during the period of August 28-30, 2015. The adult specimens (three specimens at each station, the range of the shell height of 75 specimens=21.1-32.2 mm) were processed, and their stable carbon and nitrogen isotope ratios (δ 13 C and δ 15 N) were determined by the same method as described previously (Yokoyama et al. 2019) . This method includes the following steps: 1) the snails kept frozen at −20°C were defrosted; their shells were physically removed; the removal of the shells and inorganic carbon was confirmed by soaking the snails in 1.2 N HCl for a few minutes; subsequently their gut contents were removed, and the whole soft tissues were rinsed with distilled water, dried at 60°C, and ground to a fine powder. 2) The isotopic compositions were determined using a mass spectrometer (Thermo Fisher delta V plus).
Calculation of watershed parameters and statistical method
We delineated the catchment boundaries of the 25 studied rivers by ArcGIS 10 (Esri) using the ASTER Global Digital Elevation Model (Japan Space Systems). Thereafter, we determined 22 watershed parameters, which were classified into land use, population, topography, geology, and vegetation in the catchment area of each river, using the methods shown in Table 1 . The watershed parameters of the Yamakuni River (Stn 2) were also used for the Nakatsu River (Stn 3), because the latter is a branch of the former. The significance of the correlation between the δ 15 N of B. multiformis and watershed parameters was tested by the Pearson s correlation coefficient r.
Results
The mean δ 13 C of B. multiformis at each station ranged from −17.0 at Stn 20 to −13.6 at Stn 12 (overall mean=−15.3 ), while the mean δ 15 N ranged from 8.5 at Stn 19 to 12.9 at Stn 8 (overall mean=10.4 ) (Fig. 2 , Table 2 ). Thus, wide ranges of δ 13 C (3.4 ) and δ 15 N (4.4 )
were observed among the stations. In the preceding survey that aimed to determine the food sources of B. multiformis on the tidal flats of the Iroha and Katsura rivers, we determined the isotopic compositions of the potential food sources for B. multiformis (Yokoyama et al. 2019 ). Among them, the debris of terres- 15 N values, which were calculated from the data obtained from the Iroha and Katsura rivers (Yokoyama et al. 2019) . Broken lines have a slope of 3.4 and start from a point of marine phytoplankton and a point of benthic microalgae, respectively, indicating the exclusive dependency of consumers on these sources. trial plants and reeds and seaweeds were commonly found at 25 stations in the study area. The isotopic compositions of these primary producers and benthic microalgae on the tidal flats and marine phytoplankton are summarized in Table 3 . The terrestrial plants and reeds showed low δ 13 C values, resulting in large differences in the δ 13 C values between these producers and B. multiformis (≥8.7 ) (Fig.  2) . The marine phytoplankton and seaweeds showed higher δ 13 C values, which were closer to the δ 13 C values of snails. Benthic microalgae (−15.8±2.0 ) showed the highest values, which were in the similar range as for B. multiformis (−15.3±1.1 ).
We examined the correlation between the isotopic compositions of B. multiformis and the 22 watershed parameters (Table 1) (Fig.  3a-c) , whereas the paddy field rate (No. 1) showed a sig- (Fig. 3d) . Furthermore, a significant positive relationship was found between the δ 15 N value and cultivated land rate (No. 2). The extraordinary large value of the cultivated land rate at Stn 24 led to its exclusion as an outlier (Fig. 3e) .
A correlation matrix among the five watershed parameters (Table 4) showed that (1) the average ground inclination had strong positive correlations with the volcanic rock rate and forested land rate (both p<0.001); (2) the average ground inclination had a negative correlation with the cultivated land rate (p<0.01; p<0.001, excluding the outlier), but no correlation was found with the paddy field rate (p=0.087); and (3) a strong negative relationship was found between the cultivated and forested land rates (p<0.001).
Discussion
Based on the findings in the preceding study that showed a significant difference in the δ 15 N of B. multiformis between the two rivers (Yokoyama et al. 2019) , we conducted this additional survey that covered a relatively wide area. In this study, we hypothesized that the δ 15 N of snails was influenced by estuarine and/or marine producers, which grow by assimilating watershed-derived inorganic nitrogen. Our results showed that the δ 15 N values of snails increased with a decrease in the inclination of the ground, volcanic rock rate, and forested land rate and with an increase in the cultivated land and paddy field rates.
The study area was mainly composed of the two contrasting areas the mountainous, forested area covered by volcanic rock with steep slopes and the alluvial plain in the Nakatsu and Usa districts, as well as at the foot of Mt. Futago in the Kunisaki Peninsula, where alluvium with relatively gentle slopes enables the expansion of cultivated lands. Such geological features in the study area resulted in significant correlations among the average inclination of the ground, volcanic rock rate, forested land rate, and cultivated land rate in the catchment area. On the other hand, no correlation was found between the average ground inclination and paddy field rate, because the terraced paddy fields in the study area were arranged on relatively steep slopes.
It has been shown that intertidal/estuarine consumers depend usually on benthic algae and/or marine phytoplankton rather than on detrital terrestrial plants (Kang et al. 2003) . The preceding survey conducted at the tidal flats of the Iroha and Katsura rivers (Yokoyama et al. 2019) indicated that the snail diet was a mixture of marine phytoplankton, seaweeds, and benthic microalgae. The present survey showed minor contributions of terrestrial plants to the diet of snails, as well as their dependence on estuarine and marine producers for food. Additionally, the present study indicated that the intertidal snails in this study had higher δ 13 C values than the snails collected from the tidal flats of the Iroha and Katsura rivers (Stns 5 and 7 in Fig.  2) , suggesting greater dependence of the former on benthic microalgae. These findings suggest that the δ 15 N values of snails were also affected by the consumption of estuarine and/or marine producers, which assimilated watershed-derived inorganic nitrogen.
Previous environmental gradient analyses and laboratory culture experiments have showed elevated levels of δ 15 N in food sources (benthic microalgae, seaweeds, marine phytoplankton, etc.) for estuarine consumers with increasing contributions of the anthropogenic inputs of organic matter and/or nutrients from sewage treatment plants or urbanized areas (McClelland et al. 1997 , Riera et al. 2000 , Rogers 2003 , Martinetto et al. 2006 , Pruell et al. 2006 , Hadwen & Arthington 2007 and from land-based aquaculture farms (Jones et al. 2001 , Burford et al. 2003 , Costanzo et al. 2004 , Vizzini & Mazzola 2004 . These findings suggested the potential contribution of terrestrial nutrients in the growth of estuarine primary producers, which assimilated terrestrial and/or anthropogenic nutrients, as well as in the growth of estuarine consumers, which depended on estuarine primary producers. In such cases, the enriched 15 N values of estuarine primary producers and consumers can be used as an indicator for evaluating the anthropogenic nitrogen inputs from watersheds. In the study area, however, the sewage and industrial effluents seem not to be adequate to elevate the δ 15 N levels of snails in the watershed and estuarine ecosystems, considering that the population density was relatively low (highest density=82 persons km −2 in the watershed of the Iroha River) and that there was no significant relationship between the δ 15 N of snails and human populations (R 2 =0.058, n=25). Furthermore, it was difficult to attribute the high δ 15 N values of snails to the effect of fertilizer, because the majority of the fertilizers used in the study area were inorganic fertilizers (Y. Tamura of the Oita Prefectural Government, personal communication), which have low δ 15 N values ranging from −4 to +4 (Kendall et al. 2007 ). Actually, the low δ 15 N values of suspended particles in northern San Francisco Bay were estimated to be due to the agricultural runoff (Sigleo & Macko 2002) .
The stable isotope technique has been used for assessing the biogeochemical processes of nitrogen cycle, such as ammonium volatilization, nitrification, and denitrification, which result in the enrichment of 15 N in the remaining N pool (Mariotti et al. 1981 , Wada et al. 1987 , McClelland et al. 1997 , Sebilo et al. 2003 , Kendall et al. 2007 ). Among these processes, denitrification seems to be the most possible factor to cause 15 N enrichment in the examined watersheds. Several studies have demonstrated that the catchment land use in agriculture is related to the microbial denitrification activities in the sediment or water of streams (Inwood et al. 2007 , Arango & Tank 2008 , Chen et al. 2009 , Liu et al. 2016 ) and a lake (Bruesewitz et al. 2011) . It is well known that paddy fields have a significant potential for nitrogen removal resulting from denitrification (Kyaw et al. 2005 , Takeda & Fukushima 2006 . Furthermore, Zhou et al. (2012) showed high denitrification rates in drained-reflooded paddy soil. Onishi et al. (2012) showed that ∼10% of the total nitrogen input into terraced paddy fields, mainly from fertilizers, was lost, suggesting the occurrence of denitrification even in the areas having steep slopes. Thus, denitrification proceeds readily in the areas having gentle slopes around lower streams, where cultivated lands usually develop, as well as in terraced paddy fields where water stagnates. Denitrification increases the δ 15 N levels in organic and inorganic matter under oxygen-deficient environments (Koba et al. 1997 , Ostrom et al. 2002 , Kendall et al. 2007 ). In lower streams, microbial mineralization and subsequent nitrification and denitrification processes also produce 15 N-enriched inorganic nitrogen (Miyajima et al. 2009 ) and remaining organic matter (Miyake & Wada 1971) ; however, we have no evidence to prove these processes, including ammonium volatilization, in the study area. The relationship observed between the cultivated land ratio and the δ 15 N values of snails might be attributed to the fact that cultivated lands develop at the gentle-sloped downstream side of a river, where the flowing water is readily retarded.
Given that B. multiformis in the study area depends substantially on estuarine and/or marine producers, which grow using the inorganic nitrogen inflowing from the watersheds, we were able to account for the observed relationships between the δ 15 N of snails and watershed parameters. That is, the volcanic rock and forest land areas keep the δ 15 N of the snails at low levels, which are nearer to the atmospheric δ 15 N (∼0 ) (Owens 1987 , Kendall et al. 2007 ). On the contrary, the wide coverage of the gentle-sloped river systems, including wet lands, riparian vegetation and underground water, and/or paddy fields, raise the δ 15 N levels mainly through denitrification under the stagnant-water and oxygen-deficient environments and through the supply of certain levels of organic matter that provides NH 4 + and organic C as an energy source for nitrification and denitrification (Arango & Tank 2008) .
In conclusion, the significant relationships between the δ 15 N values of snails and five watershed parameters (the average inclination of the ground surface, volcanic rock rate, forested land rate, paddy field rate, and cultivated land rate) indicate the linkage between watersheds and estuaries. In future studies, it is necessary to clarify the flow of nutrients from watersheds to estuaries, that is, how such nutrients are generated, reach estuaries, and are assimilated into primary producers, which support snail populations.
